Lipid inflammatory mediators are thought to play a critical role in the pathogenesis of vascular injury. Among the events which might cause the synthesis of eicosanoids in blood vessels is activation of the complement. To evaluate how complement might influence eicosanoid metabolism, we investigated endothelial cells exposed to xenoreactive antibodies and complement, as might occur in rejecting xenografts where severe vascular injury is a typical feature. While resting porcine aortic endothelial cells released only prostaglandin (PG) I 2 , endothelial cells stimulated with xenoreactive antibodies and complement released PGE 2 and thromboxane A 2 (TXA 2 ), in addition to increased amounts of PGI 2 . This alteration in eicosanoid metabolism was associated with induction of cyclooxygenase (Cox)-2 and thromboxane synthase, but not Cox-1. Unlike results seen in other systems, the upregulation of Cox-2 and the subsequent release of eicosanoids by endothelial cells was not directly induced by complement but rather required production of IL-1 ␣ , which acted on endothelial cells as an autocrine factor. Since eicosanoids have a potent effect on inflammation, vascular tone and platelet aggregation, we postulated that the abnormalities in eicosanoid release induced by xenoreactive antibodies and complement might provide one explanation for the vascular injury, focal ischemia, and thrombosis observed in acute vascular rejection and other vasculitides mediated by complement. ( J.
Introduction
Organs transplanted between phylogenetically disparate animals, such as pigs and primates, are subject to rejection that is mediated by the reaction of xenoreactive antibodies and complement of the recipient with the endothelial cells lining the blood vessels of the donor organ (1, 2) . This reaction leads to functional and morphological changes in endothelium which, over a period of minutes, eventuates in loss of vascular integrity and development of microthrombi, a condition referred to as hyperacute rejection (2) (3) (4) . If hyperacute rejection is averted, as might be accomplished by depletion of xenoreactive antibodies or inhibition of complement, a condition referred to as acute vascular xenograft rejection often develops over the ensuing days (5) . Acute vascular xenograft rejection is characterized by diffuse intravascular coagulation, inflammation, and ischemia. While the pathologic features of acute vascular xenograft reaction are quite dramatic, the pathogenetic events leading to that lesion and the molecular mediators of those events are uncertain.
We have hypothesized that acute vascular xenograft rejection might arise as a consequence of the activation of endothelial cells in the graft, perhaps mediated by the residual xenoreactive antibodies and complement (5, 6) . According to this concept, endothelial cell activation would be associated with production of procoagulant and proinflammatory molecules that would mediate the histologic changes characteristic of the lesion (7) . Consistent with this hypothesis, we have found that formation of the membrane attack complex of complement on endothelial cells induces synthesis of IL-1 ␣ which in turn triggers expression of tissue factor (8) and other procoagulant and proinflammatory molecules. In addition to causing the synthesis of proteins such as tissue factor, complement might contribute to the pathogenesis of vascular injury by triggering synthesis of lipid inflammatory mediators, which could contribute to inflammation and coagulation.
Insult from the membrane attack complex of complement has been shown to stimulate phospholipase A 2 , the first enzyme in the cascade of eicosanoid synthesis that releases arachidonic acid from membrane fatty acids (9) . Once released, arachidonic acid is oxidized to prostaglandin (PG) 1 G 2 by Cox or PGH synthase and reduced to PGH 2 by the peroxidase activity of the same enzyme. PGH 2 is further metabolized through specific enzymatic reactions to form a variety of effector molecules including PGI 2 , PGE 2 , and TXA 2 (10) .
Cox has been considered a key rate-limiting enzyme in the synthesis of eicosanoids from arachidonic acid (11) . Two isoforms of Cox have been described. Cox-1, is expressed constitutively in most tissues. Cox-2, the other isoform, is not expressed under physiological conditions in most organs, but is induced by cytokines and mitogens during inflammatory processes (12) . The regulation of Cox-1 and Cox-2 expression by endothelial cells during immune responses is not well-understood.
Eicosanoid products have potent effects on inflammation, vascular tone, and platelet aggregation. While previous studies have demonstrated important roles for eicosanoids in allograft rejection (13) (14) (15) , little is known about the characteristics of eicosanoid metabolism in xenografts. Furthermore, the effects of xenoreactive antibodies and complement on arachidonic acid metabolism by endothelial cells has not been well-characterized.
To test whether the reaction of xenoreactive antibodies and complement with endothelial cells would alter eicosanoid production and induce the expression of Cox, we used a model that recapitulates, in part, the situation that would occur in a xenogeneic organ graft, where porcine aortic endothelial cells serve as a model for a donor organ (1, 16) . We found that the reaction of xenoreactive antibodies and complement with cultured endothelial cells induces the expression of Cox-2 and thromboxane synthase without affecting expression of Cox-1. However, in contrast to other systems in which activation of complement directly induces eicosanoid synthesis, in endothelial cells, the induction of eicosanoid synthesis by complement is regulated in part by the production of IL-1 ␣ , which serves as a molecular intermediate in the induction of Cox-2.
Methods
Materials. Dulbecco's modified Eagle medium (DME), L -glutamine, penicillin, and streptomycin were from Life Technologies (Gaithersburg, MD). FBS was from HyClone Laboratories, Inc. (Logan, UT). An antiserum specific for TXA 2 was purchased from Perspective Biosystems (Framington, MA) and antiserum for PGE 2 Endothelial cell cultures. Porcine aortic endothelial cells were isolated, characterized, and cultured as described previously (8) . Endothelial cell monolayers (passages 3-6) were grown to confluence in gelatin-coated 100 mm Petri dishes, 24-well plates, and chamber slides, and were maintained in DME with 10% FBS for 72 h before use.
Stimulation of endothelial cells. Cultured porcine endothelial cells were incubated with diluted human serum as a source of antiendothelial cell antibodies and complement, as previously described (16, 17) . Except as noted, the human serum was used at concentrations previously shown not to cause endothelial cell death (16, 18) . Before stimulation of endothelial cells, the culture medium was removed and the cell monolayers were gently washed with prewarmed (37 Њ C) Hepesbuffered DME. Samples of human serum were separated from blood collected in pyrogen-free containers and allowed to clot at 4 Њ C. The serum fraction was stored at Ϫ 70 Њ C. Before use of some samples, the serum was heated to 56 Њ C for 30 min to inactivate complement. The titer of antibodies in serum was determined by ELISA as described previously using cultured porcine endothelial cells as targets (18) .
Antiporcine endothelial cell antibodies were isolated from human serum by adsorption to cultured endothelial cells followed by thermal extraction, as described previously (17) . For some experiments, a human serum that contained very low or undetectable levels of natural antiporcine endothelial cell antibodies was used as a source of complement (19) .
For inhibition of Cox-2, a specific inhibitor of the enzyme, S236 (20) , was dissolved in DMSO and then was diluted to a final concentration below 1%. Porcine aortic endothelial cells were treated for 1 h with S236.
Eicosanoid production. After various experimental maneuvers, supernatants from endothelial cells were collected and stored at Ϫ 70 Њ C. The concentrations of PGI 2 , measured as the stable metabolite 6-keto PGF 1 ␣ , PGE 2 , and TXA 2 , measured as the stable metabolite TXB 2 , were determined by radioimmunoassay. Experimental samples (measured in duplicate) and standards (measured in triplicate) were incubated with a mixture consisting of a specific antiserum and a known amount of 3 H standard overnight at 4 Њ C. After incubation, free eicosanoids were adsorbed with dextran-coated charcoal. The concentration of eicosanoids was determined using a standard curve in which the log of the concentration was plotted against the log of B/B 0 . Experiments were performed using two different endothelial cell lines. The cell densities were similar for all the experiments.
RNA isolation and Northern analysis. After stimulation with 10% human or control buffer, confluent porcine aortic endothelial cells were washed once in warm Hepes buffer and then total cellular RNA was isolated by direct lysis of cells using 4 M guanidinium isothiocyanate followed by phenol/chloroform extraction and isopropanol precipitation according to Chomczynski and Sacchi (21) . For Northern blot analysis, total RNA (10 g per lane) was denatured in deionized formamide and formaldehyde in a Mops buffer and size fractionated on 1% agarose gels. RNA was transferred to nylon membranes and cross-linked by UV irradiation. Nylon membranes were prehybridized in Quick-Hyb solution for 30 min and then hybridized for 2 h with an appropriate cDNA probe which had been [ ␣
32
P] labeled by random priming. To control for variability in the quantity of RNA loaded, membranes were later probed with ␤ -actin. Autoradiography was performed using Kodak XAR film (Eastman Kodak Co., Rochester, NY). Films were scanned and analyzed using a scanner (model 9600; Relisys, Milpitas, CA) and software (Image 1.43; National Institutes of Health Shareware, Bethesda, MD).
Detection of Cox and thromboxane synthase by immunofluorescence. Expression of Cox-1, Cox-2, and thromboxane synthase proteins was analyzed by immunofluorescence using porcine endothelial cells grown in chamber slides (Lab-Tek, Naperville, IL). Endothelial cell monolayers were washed gently with prewarmed (37 Њ C) Hepesbuffered DME and fixed with acetone/methanol (1:1, vol/vol). The endothelial cells were then incubated with rabbit antibodies specific for human Cox-1, Cox-2, or thromboxane-synthase for 30 min at room temperature. The cultured cells were then washed, and fluorescein isothiocyanate-labeled goat anti-rabbit IgG added and incubated for 30 min at room temperature. The cells were then washed again and mounted in Vectashield. The intensity and localization of immunofluorescence was then assessed using a Nikon fluorescence microscope.
Statistical analysis. All values were expressed as mean Ϯ SEM. For statistical analysis, we used the unpaired Student's t test for two-group comparisons. Differences were considered significant at P Ͻ 0.05.
Results

Production of eicosanoids by porcine aortic endothelial cells.
Quiescent cells produced small amounts of PGI 2 , but did not release detectable amounts of PGE 2 or TXA 2 (Fig. 1) . The effects of xenoreactive antibodies and complement on production of eicosanoids by porcine endothelial cells were tested by treating the endothelial cells with human serum. After incubation for 8 h in diluted human serum at concentration known to stimulate endothelial cells but not to cause cytolysis (18) , cultured endothelial cells released TXB 2 , PGE 2 , and increased amounts of 6-keto-PGF 1 ␣ into the medium (Fig. 1) . The release of these eicosanoids increased with time and remained elevated above baseline for up to 24 h. Increased production of 6-keto-PGF 1 ␣ by endothelial cells was observed as soon as 1 h after exposure to human serum and remained elevated for up to 24 h. Since endothelial cells do not store eicosanoids, the release of 6-keto-PGF 1 ␣ , TXB 2 , and PGE 2 suggests that de novo synthesis had occurred. In repeated experiments, the level of prostaglandin synthesis varied directly with the concentration of human serum used, maximum production being observed at 15% serum, as shown in Fig. 2 . A decrease in eicosanoid synthesis at concentrations of human serum above 15% probably reflects lysis of the treated cells which was observed visually.
Induction of mRNA for Cox isoforms by antibodies and complement. To determine whether the stimulation of eicosanoid synthesis by xenoreactive antibodies plus complement might reflect altered expression of cyclooxygenase isoenzymes, porcine endothelial cells were exposed to human serum as described above and the expression of Cox-1 and Cox-2 mRNA was assayed by Northern blotting. As expected, quiescent endothelial cells had a low level of Cox-1 Figure 2 . Release of PGE 2 from porcine aortic endothelial cells stimulated by varying amounts of xenoreactive natural antibodies and complement. Monolayers of porcine aortic endothelial cells were incubated for 10 h with various concentrations of human serum as a source of xenoreactive natural antibodies and complement (AbϩC). PGE 2 released into the medium was measured by RIA. Synthesis of PGE 2 was maximum at serum concentration of 15%. A serum concentration of 25% caused lysis of some endothelial cells with consequent decrease of prostaglandin release. The meanϮSEM is shown. mRNA (data not shown) and no detectable Cox-2 mRNA. After the stimulation of endothelial cells with xenoreactive antibodies and complement, expression of Cox-2 mRNA was detected at 4 h and the level of expression increased with time (Fig. 3) .
Localization of Cox-2, Cox-1, and thromboxane synthase proteins in endothelial cells. Expression of Cox-1, Cox-2, and thromboxane synthase were analyzed by immunofluorescence microscopy. Quiescent porcine endothelial cells expressed Cox-1 but neither Cox-2 nor thromboxane synthase. Expression of Cox-1 was not altered after stimulation of the cells by xenoreactive antibodies and complement. After 6 h of stimulation, Cox-2 protein was detected in a perinuclear location (Fig.  4 B ) . The expression of thromboxane synthase was detected at 10 h as a weak cytoplasmic fluorescence (Fig. 5) . After longer durations of incubation with human serum, the number of positive cells and intensity of Cox-2 fluorescence increased and a more cytoplasmic localization was seen (Fig. 4 D ) , while the expression and localization of thromboxane synthase did not increase further. Inhibition of Cox-2 reduces eicosanoid production in endothelial cells. The finding that the action of xenoreactive antibodies and complement on endothelial cells increased the expression of Cox-2 without modification of Cox-1 and increased the release of eicosanoids raised the question whether Cox-2 alone is responsible for the altered synthesis in this system. To address that question, porcine aortic endothelial cells were incubated with a specific inhibitor of Cox-2, S236, for 1 h and then stimulated with xenoreactive antibodies and complement. The amount of eicosanoid production was analyzed by radioimmunoassay as described above and expressed as percentage of inhibition of the total production. As Fig. 6 shows, inhibition of Cox-2 completely prevented production of PGE 2 and PGI 2 as measured by 6-keto-PGF 1 ␣ , and inhibited the production of TXA 2 , as measured by TXB 2 , by 50% . The amount of PGI 2 as measured by 6-keto-PGF 1 ␣ released in the presence of S236 was comparable to basal levels of production, presumably reflecting activity of Cox-1 and suggesting that S236 was not a general inhibitor of prostaglandin synthesis.
Role of complement in the expression of Cox and production of eicosanoids. Four lines of evidence suggested that the production of eicosanoids by endothelial cells exposed to human serum reflected activation of complement brought about by the binding of complement-fixing xenoreactive antibodies in human serum. First, Cox-2 mRNA expression on endothelial cells was not induced by treating endothelial cells with human serum in which complement activation was inhibited by heating or by adding sCR1, which inhibits C3 convertase, for 5 h, a time when primary induction of complement induced genes is observed (8) (Fig. 7) . Second, endothelial cells treated with human serum lacking xenoreactive antibodies but having intact complement, failed to exhibit Cox-2 mRNA expression (Fig. 8) . Third, Cox-2 protein and thromboxane synthase were not detected by immunofluorescence after stimulation with xenoreactive antibodies alone. Fourth, endothelial cells treated with human serum in which complement was inactivated by heating or adding sCR1, released PGE 2 and TXA 2 in only very small amounts (Fig. 9) . Finally, endothelial cells treated with human serum containing very low levels of xenoreactive natural antibodies induced the production of PGE 2 and TXA 2 in small amounts, comparable to those induced by serum containing sCR1 or heat-inactivated serum (not shown).
Taken together these results suggest that the synthesis of eicosanoids in this system depends on activation of complement, which in turn depends on binding of complement-fixing antibodies. However, these results do not exclude the possibility that other components of serum contribute to the stimulation of endothelial cells.
Role of IL-1 in the production of eicosanoids and expression of Cox. Recently, we observed that the activation of human complement on porcine endothelial cells stimulates synthesis of tissue factor, but that tissue factor synthesis is not a direct response to complement; rather, its synthesis in this system is governed by the synthesis of IL-1␣ (8) . We asked, therefore, whether IL-1 might also serve as an intermediary in the production of eicosanoids as induced by antiendothelial cell anti- The role of complement in the induction of Cox-2 mRNA was investigated by Northern blotting of mRNA from cultured endothelial cells exposed to various stimuli. Porcine aortic endothelial cells were stimulated with human serum as a source of xenoreactive antibodies and complement (AbϩC); human serum heated to 56ЊC for 30 min to inactivate complement (AbϩC 56ЊC) and human serum with sCR1 (6 g/ml), which inhibits C3 convertase (AbϩCϩsCR1). After 5 h, mRNA was analyzed in Northern blot hybridized with Cox-2 cDNA. Expression of Cox-2 was observed only after incubation with xenoreactive antibodies and complement. The inhibition of complement completely abolished the expression of Cox-2.
bodies and complement or whether activation of complement induces eicosanoid synthesis directly as it does in other systems. To address this question, IL-1 receptor antagonist was added to human serum which, in turn, was incubated with endothelial cells and eicosanoid production was measured as described above. As Fig. 10 shows, the addition of IL-1 receptor antagonist to the human serum prevented the release of PGE 2 and TXA 2 from endothelial cells stimulated with that serum. This result suggested that production and release of IL-1 was a necessary step in the production of eicosanoids by endothelial cells in response to complement. Consistent with this concept, treatment of endothelial cells with human serum containing IL-1 receptor antagonist prevented the expression Cox-2 mRNA (Fig. 8) . Whether IL-1␣ or IL-1␤ was responsible for the increase of Cox-2 in this system was then investigated in studies using blocking anti-IL-1␣ antibodies or blocking anti-IL-1␤ antibodies. As Fig. 11 shows, the addition of blocking anti-IL-1␣ antibodies to a stimulating serum significantly inhibited the production of Cox-2 mRNA, while the addition of human IL-1␤ antibodies to the stimulating serum had no appreciable effect. Consistent with this result, porcine endothelial cells stimulated with human serum expressed IL-1␣ mRNA (Fig. 12 A) but not IL-1␤ mRNA (not shown) and treatment of endothelial cells with IL-1␣ induced expression of Cox-2 mRNA (Fig. 12 B) . Taken together, these results sug- Figure 8 . Role of complement and IL-1␣ in expression of Cox-2 mRNA in endothelial cells after stimulation with human serum. Confluent monolayers of porcine aortic endothelial cells were incubated with 10% human serum as a source of xenoreactive antibodies and complement (AbϩC), human serum plus 50 ng/ml of IL-1 receptor antagonist (AbϩCϩIL-1 Ra) or an human serum lacking antiendothelial cell antibodies (C). After 4 or 5 h of incubation, total mRNA was isolated and probed for Cox-2. Endothelial cells incubated with human serum containing AbϩC expressed Cox-2. However, human serum containing IL-1 Ra or with human serum lacking xenoreactive antibodies but containing complement did not express Cox-2 mRNA. Figure 9 . Role of complement in the production of TXA 2 and PGE 2 by porcine aortic endothelial cells stimulated with human serum. Cultured endothelial cells were incubated with human serum as a source of xenoreactive antibodies and complement (-᭜-), with human serum heated to 56ЊC for 30 min to inactivate complement or treated with sCR1, which inhibits C3 convertase (··· ᭹ ···). Medium lacking serum was used as a control (ٗ). Media were collected at various times. (A) TXB 2 , a stable metabolite of TXA 2 , and (B) PGE 2 were measured by RIA. *(P Ͻ 0.05); **(P Ͻ 0.025) (unpaired Student's t test). gest that IL-1␣ serves as an autocrine factor inducing the synthesis of eicosanoids by increasing expression of Cox-2.
Discussion
Owing to its location at the interface between the blood and tissues, vascular endothelium is ideally situated to control tissue responses in immunity. The interactions between blood and endothelium are capable of modulating the function of leukocytes, platelets, and smooth muscle cells (22) . Among the most potent products of endothelial cells, which might regulate the function of neighboring cells, are eicosanoids. Eicosanoids control the state of activation of leukocytes and platelets, the contractile properties of vascular smooth muscle, and the coagulant posture of the blood vessel wall (23) . We studied porcine aortic endothelial cells stimulated with antiendothelial cell antibodies and complement as a model to evaluate the potential contribution of eicosanoids to the reactions which might take place in a xenogeneic organ graft undergoing acute vascular xenograft rejection. This type of rejection occurs within days after transplantation and is characterized by diffuse intravascular coagulation and rapid influx of neutrophils and macrophages (5), making acute xenograft rejection an extreme model for analysis of the potential role of eicosanoid metabolism in the pathogenesis of disease. Our studies revealed that endothelial cells stimulated with antiendothelial cell antibodies and complement did indeed produce increased amounts of prostaglandins and thromboxane through the induction of Cox-2. However, in contrast to the effects in other systems (24) , complement did not induce eicosanoid production directly; rather, complement induced the synthesis and secretion of IL-1␣, which acted on endothelial cells as an autocrine factor inducing the change in eicosanoid metabolism that ensue.
Although endothelial cells are generally considered an important source of PGI 2 (10), the capacity of endothelium to elaborate other eicosanoids, such as PGE 2 and TXA 2 , in the course of the inflammation and immune responses has not been well-documented. Our data support previous studies that suggest that upregulation of Cox-2 in inflammatory states allows the cell to modify its capacity to generate eicosanoids. In other studies in endothelial cells, Cox-2 expression has been associated with enhanced cellular capacity to generate PGI 2 , but a role in modulating synthesis of TXA 2 and PGE 2 has not been established. Ramadan et al. (25) have shown previously that endothelial cells are capable of synthesizing thromboxane under certain circumstances and Carreras and Maclouf have suggested that antibody binding may alter the balance between endothelial production of PGI 2 and TXA 2 (26) . Karin et al. (27) showed recently that production of thromboxane by human umbilical vein endothelial cells was associated with induction of Cox-2. However, in these previous studies, the mechanisms by which these alterations occurred and the casual role of Cox-2 in this process was not explored.
Here, we show that complement activation on endothelial cells markedly alters the metabolism of cyclooxygenase products. This alteration in eicosanoid metabolism is observed within 1 h, where endothelial cells began to produce large amounts of the prostacyclin metabolite 6-keto-PGF1␣, but very little of PGE 2 and TXA 2 . This early response probably reflects activation of phospholipases releasing arachidonic acid that is metabolized to PGI 2 , the major metabolite produced by normal endothelial cells (10) . However, over a period of 8-10 h endothelial cells begin to synthesize large amounts of TXA 2 and PGE 2 . This later change is associated with enhanced expression of Cox-2. This enhancement of Cox-2 expression plays a key role in stimulating PGE 2 production since PGE 2 production is almost completely abrogated by the specific Cox-2 inhibitor. In contrast, the Cox-2 inhibitor caused only a partial reduction in TXA 2 synthesis, suggesting that the regulation of thromboxane synthesis in endothelial cells is more complex than PGE 2 and may be linked, in part, to Cox-1.
The proinflammatory molecule IL-1 is known to be an important molecule regulator of eicosanoid metabolism. For example, IL-1␣ and IL-1␤ increase the endogenous release of arachidonic acid and stimulate the synthesis of eicosanoids in response to arachidonic acid (28) . IL-1 stimulates the expression of mRNA of Cox-2, secretory PLA 2 (29) (30) (31) , and cytosolic PLA 2 (32) . The finding that complement induces IL-1␣, which in turn induces Cox-2 and thromboxane synthase is, however, a novel regulatory mechanism, which may place eicosanoid metabolism, causing a profound alteration in both the level and profile of eicosanoid synthesis. We speculate that the ability of IL-1␣ to act as an autocrine factor may also depend on blood flow in the region of the affected endothelium. Thus, at sites of ischemia or where blood flow is slow, IL-1␣ produced in response to complement can change eicosanoid metabolism, while under conditions of physiologic blood flow the IL-1␣ might be carried away. This concept suggests that regional blood flow could have a profound impact on the manifestations of reperfusion injury and humoral responses.
The observation that Cox-2 in endothelial cells was located at different sites in endothelial cells at various times relative to antibody and complement exposure, raises a question about whether the location of Cox-2 could influence localized production of eicosanoids. For example, the expression of Cox-2 in the vicinity of the nucleus shortly after stimulation of endothelial cells might promote the actions of eicosanoids on the nucleus. Consistent with this idea, recent studies have shown that a prostaglandin J 2 derivative acts through a nuclear receptor, the transcription factor PPAR-␥, without using the usual second messenger pathways and plays an important role in cell cycle arrest and apoptosis (33) . The cytoplasmic distribution of Cox-2 at later times may lead to synthesis of eicosanoids that are exported from the cell. Our findings are the first to describe these dynamic patterns of intracellular localization for Cox-2 in endothelial cells.
If eicosanoid metabolism is important in the pathogenesis of vascular rejection, as some would suggest (15) , then the events that figure into the changes in cyclooxygenase levels are probably of critical pathogenetic importance. For many years, complement activation has been implicated de novo synthesis of lipid mediators. Our findings now suggest that this relationship is more complex than previously supposed and that the physiology of blood flow may impact at a molecular level in this process.
